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DETERMINATION  OF  VERTICAL  OZONE  DISTRIBUTION 

AT  VARIOUS  LATITUDES  DURING  ECLIPSES  OF  TBS  MOON 


^Following  is  a  translation  of  a  paper  which  was  sub¬ 
mitted  to  tho  osone  symposium  in  Brussels  (30  August 
through  1  September  1931)  by  H.  K.  Past to Id.  This 
paper  wss  published  la  the  German  language  In  the  per¬ 
iodical  Journal  of  atsospherlo  and  Terrestrial  Physio*. 
1952 ,  Vol  2,  pages  103-100,  Perga* on  Press  Ltd,  London^/ 


1.  Abstract 

N'  The  wsrtical  distribution  of  ataoopteric  ozone  may  be  deter* 
mined  from  the  distribution  of  inteasity,  seasured  at  6000  1,  on 
the  darkened  noon,  sear  the  edge  of  the  earth's  shadow.  It  1*  a 
eharmotarlatlo  of  the  method  that  the  omone  distribution  at  wur- 
loua  latitude*  may  be  determined  regardless  of  the  point  of  ob¬ 
servation.  The  usefulness  of  the  aethed  le  daa oastrated  by 
apeotrophotometrio  measurements  made  during  four  eollpsea  of  the 
moon.  The  osone  distribution  thus  obtained  correspond  to  results 
obtained  directly  by  balloon  ascents. 

2.  Body  of  Fanor 

It  is  known  that,  during  a  lunar  eclipse,  sunlight  whioh 
passes  through  the  earth's  atmosphere  la  refracted  into  the  area 
of  the  earth's  uabra.  That  light  which  p eases  through  deeper 
layer-  air  la  directed  further  into  tho  shadow  area  oa  the 
moon's  aurfaoe,  meaning  that  the  paint  Illuminated  by  this  light 
hue  a  greeter  distance  y'  from  the  geoaetrical  Halts  of  the  dark- 
eaed  area.  A  apreotral  absorbing  layer  lying  la  the  earth's  at¬ 
mosphere,  and  the  vertieal  limits  of  Its  extant,  should  therefore 
be  detected  by  meesurimg  it*  absorption  in  dependence  upon  f  ' . 

In  this  way  we  can  determine  the  vertical  omone  distribution  for 
various  geographic  latitude#  of  the  sarth  according  to  the  apex 
angle  at  shich  the  illumination  distribution  on  the  darkened  moon 
art  read  perpendicular  to  the  edge  of  the  shadow.  The  seaaurable 
apex  angle  depends  upon  the  path  of  the  moon  through  the  earth's 
shadow,  but  is  indsphadent  of  the  geographical  location  of  the 
observation  pelst  on  earth. 
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In  order  to  be  able  to  determine  ozost  absorption  in  this 
manner,  we  most  know  tbs  normal  distribution  of  lllusi nation  on 
tbs  periphery  of  tbs  earth's  sbados  on  ths  noon  with  the  ataoa- 
phsre  frss  of  oso&s.  This  can  be  calculated  with  a  photometric 
theory  of  lunar  sell  pass  developed  by  F.  Link  (1).  According  to 
my  own  measurements  (2) ,  the  agreement  between  observation  end 
theory  in  the  spectral  areas  free  of  ozone  absorption  is  so  com¬ 
plete  that  the  latter  can  serve  as  a  basis  for  ozone  measuring. 
During  these  observations  and  those  of  other  authors  (l),  (3)  and 
(4),  an  additional  reduction  of  the  light  by  90>4  was  actually 
observed  in  ths  arsa  of  ths  Chappula  Bands ,  which  can  only  be  due 
to  oaons.  (Betas  as  tha  author  waa  abls  to  ahow  (3),  this  strong 
absorption  is  alao  ths  reason  for  a  characteristic  greenish  col¬ 
oring  of  a  narrow  sens  along  ths  edge  of  ths  shadow.  Through  this 
"green  sons"  on  thw  edge  of  the  earth's  shadow  on  the  moon,  the 
atmospheric  layer  of  ozone  can  be  detected  with  the  naked  eye.) 

Theoretically,  therefore,  the  vertical  ozone  distribution 
at  latitudes  of  the  earth  which  were  properly  oriented  to  the 
moon  could  be  determined.  Experiments  which  have  been  undertaken 
so  far  in  this  direction  (1),  (3)  have  not  been  able  to  progress 
beyond  tha  starting  stage,  however,  for  the  evaluation  of  the  ob¬ 
servations  la  made  difficult  by  the  faot  that  the  sun  la  not  a 
/Mint  light  source,  but  rather  appear*  as  a  disk  }2'  la  disaster 
troa  earth  or  the  boos,  a  point  lying  la  the  eras  of  shadow  on 
the  surface  of  the  aoon  is  therefore  not  Illuminated  froa  a  single 
light  ray,  but  rather  to j  a  pencil  of  rays  of  considerable  diaaeter, 
which  naturally  tends  to  blur  ths  calculation  of  ths  osone  dis¬ 
tribution  sosewhst.  Por  sn  approximation  of  this  latter  influence, 
the  average  oione  mass  0*  (>')  through  which  a  pe&oil  of  light 
rsjm  travels  was  computed  for  three  given  ozone  distributions  g(h). 
(Botei  In  the  following,  all  values  referring  to  the  pencil  of 
light  rays  will  be  Indian ted  with  ♦  .  ) 

These  three  esaae  distributions  are  shows  oa  the  left  is 
Illustration  1 .  They  toavs  baaioally  differing  characteristics-, 
nasal y,  subdued,  prosouaoed  sad  double  maxima.  The  corresponding 
curves  on  the  right  in  Illustration  1  show  tbs  dspendsney  of  ths 
average  oaoae  moss  C*  (y)  upon  the  distance  y'  of  the  respective 
point  illuminated  by  the  pencil  of  light  rays  froa  the  edge  of 
ths  shadow  (7*  w  0) .  It  can  be  seen  that,  dsspite  the  blurring 
due  to  the  divergence  of  the  pencil  of  light  rmym  mentioned  above, 
the  difference  is  the  eoures  of  the  plotted  curves  is  so  great 
that  tha  general  ooaditloa  of  osoas  distribution  sen  still  hs 
deduced. 

To  be  aurs,  the  actual  derivatloa  of  the  unknown  oaoae 
distribution  C(h)  from  the  a tenured  function  0*(y')  in  closed 
analytical  fora  is  sot  possible.  It  would  be  solved  if  the  osoae 
asms  Otho),  through  which  a  single  ray  passing  through  the  atmos¬ 
phere  tangentially  at  a  minimum  distance  h  froa  the  earth's 
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surface  travelled  were  known  (see  Illustration  2).  With  a  known 
ozone  distribution  f(h),  this  osone  aass  0(ho>  is  given  by: 


0(ho) 


(1) 


where  ds  indicates  an  eleaent  of  the  path  of  the  single  ray 
traveling  froa  B  to  A  in  Illustration  2. 


If  the  following  value  froa  the  triangle  drawn  into  Illustra¬ 
tion  2  is  substituted  for  da  we  obtain:  (refrsotion  oan  be  disoountwd 


here) 


o(b  ) 

o 


£LkLAA 

V  h-h 


(2) 


If,  as  in  this  case,  £(h)  is  the  sought  function,  than  Equation 
(2)  repressnts  an  abelian  integral  equation  for  6(h) ,  the  solu¬ 
tion  of  which  lai 


Trcm  thw  average  ozone  aass  0*(y',  determined  through  ob¬ 
servations,  it  is  now  relatively  easy  to  derive  0(ho>  by  aeaaa  of 
the  following  teohnique:  la  the  plaoe  of  the  variable  la 
0 *(y'),  we  introduce  h*  (the  mini sms  distance  froa  the  aurfaee  of 
the'  earth  for  a  single  ray  which  travels  through  hue  same  air  anas 
a a  does  the  oeater  of  the  pencil  of  light  raye),  ao  that  ee  have 
the  new  function  0*(h*)  la  place  of  0*(7').  Thin  substitution 
for  y '  la  suggested  by  the  fact  that,  for  low  altitudes,  the  func¬ 
tions  0(h  )  and  approach  each  other  sore  and  more.  Tor 

at  los  altitudes,  the  entire  pencil  of  light  rays  passes  the  osone 
layer  below  its  sexless.  In  this  case,  computation  show  that  the 
■asses  of  owns  travelled  through  by  each  individual  ray  in  the 
pencil  of  light  rays  vary  ralativoly  little,  in  contrast  to  the 
situation  at  greater  altitudes.  Tor  this,  reason,  the  anas  Of 
osone  travelled  through  by  the  single  ray  in  the  center  of  the 
pencil  of  light  raja  la  very  nearly  equal  to  the  average  osone 
nans  0%}' ).  The  ease  applies  la  referenoe  to  the  hayleigh  ex¬ 
tinction.  Thin  effeot  in  further  supported  by  the  fact  that  with 
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decreasing  altitude  the  vertical  diameter  of  the  pencil  of  light 
rays  also  decreases,  so  that  it  finally  approximates  the  single 
ray.  Illustration  )  demonstrates  this  relationship  for  the  three 
osone  distributions  shown  on  the  left  in  Illustration  1. 

Below  10  kilometers,  the  osone  masses  0*(h*)  traversed 
by  the  averse*  ray  in  the  pencil  practically  oolacidaa  with  the 
•ought  function  0(ho).  whereas  for  greater  altitudes  these  two 
functions  vary  increasingly.  It  ie  therefore  possible,  whan  pro¬ 
gressing  from  leaser  to  greater  altitudes,  to  derive  0(ho)  from 
0*(h*)  in  stages  by  checking  and  improving  the  respective  extra¬ 
polation  through  back-computing. 

In  order  to  taat  the  reliability  of  the  method,  the  respec¬ 
tive  osone  distribution  was  derived  in  reverse  via  the  above  method 
frost  the  coaputad  seen  osone  aaaees  of  curve  1  of  the  left  hand 
portion  of  Illustration  1.  The  control  points  obtained,  which  are 
marked  with  stars  in  Illustration  1 ,  asm  be  assn  to  lie  wall  along 
tha  assumed  distribution  curves.  Minute  details  are  naturally 
lost  due  to  tha  abov«  sectioned  blurring. 

Aa  evaluation  of  a  messurcaent  of  the  lunar  eclipse  of  6-? 
Ootober  1942  (2)  using  this  aethod  indicated  a  diminishing  amount 
of  osone  above  45  kilometers.  This  corresponds  to  the  prevailing 
theories  as  to  the  atmospheric  osone  layer  and  agrees  with  the 
measurements  which  were  found  with  the  American  V2  rocket. 

Also  available  are  apsctrel-photoaetric  aaaaursasnta  by 
link  (l),  Oslo Jon  (3)  and  Barbler  A  associates  (A)  which  could  bs 
evaluated  with  the  described  aethod  of  determining  osone  distrib¬ 
ution.  The  resulting  mesa  osoae  masses  0*(yP* )  are  shown  on  the 
left  of  Illustration  4.  Tha  corresponding  osone  distributions 
derived  with  this  aethod  are  shown  on  the  right  of  Illustration  4. 

Table  1  also  gives  the  data  for  the  total  amount  of  osona 
(osone  value),  for  the  altitude  of  the  aaxiaua  concentration  of 
osone  and  —  particularly  characteristic  for  the  described  aethod  - 
the  geographic  latitudes  to  which  the  aeaaursssata  apply  ,  baaed 
upea  tha  apex  angle  ob  the  moos.  Humber  4  refer*  to  the  case 
alresdy  evaluated  by  tha  author  (2). 

is  wa  earn  see,  the  oaene  distributions  as  obtained  from 
the  lwnar  eclipses  correspond  to  direct  aeaaur taente  made  during 
balloon  ascents.  Tha  osoas  valve  of  0.22-0.53  ca  agrees  with 
values  obtained  through  other  Methods.  According  to  Table  1,  this 
value  averages  higher  in  south  polar  Latitudes  than  la  equatorial 
latitudes.  At  the  time  of  these  obaervationa,  the  spring  season 
prevailed  over  the  southern  hemisphere,  eo  the  higher  osoae  values 
of  spring  are  lndloated  bar*  for  the  higher  latitudes.  Table  1 
shows  so  coralatioa  between  latitude  and  differences  in  maxima 
oaene  cone eat rati on. 


Table  1 


Ho  in 
Illuatr  4 

Data  of 
eclipse 

Geographical 

latitude 

Maximum 
height  of  sun 

Osone 

value 

cm 

Altitude  of 
osone  maxim ua 

km 

1 

16  Oct  1921 

60°  S 

37° 

m 

19 

3 

26  Sep  1931 

0° 

90° 

20 

2 

2  Mar  1942 

20°  H 

63° 

0.22 

18 

4 

6  Oct  1949 

65°  8 

44° 

0.25 

21 

Vertical  osone  distribution,  as  it  would  be  coaputed  baaed 
on.  the  photo-chemical  balance,  is  greatly  disturbed  by  vertical 
and  horizontal  exchange  of  air.  The  vertical  exchange  seeks  to 
establish  a  quantity  ratio  of  oaone/air  which  i*  constant  with  the 
altitude.  In  Illustration  5,  therefore,  this  quantity  ratio  osone/ 
air  for  the  four  dlatributiooa  obtained  during  lunar  aclipaea  (fron 
Table  1)  is  presented.  Tor  comparison,  distribution*  obtained  in 
three  balloon  ascents  at  Stuttgart  and  Wel&eneu  (about  48®  X)  era 
shown  in  Illustration  C,  ourve  4  In  this  illustration  showing  tha 
ourve  oosputod  according  to  tha  photo-oheaioal  balnaoa  with  the  ann 
at  an  elevation  of  *5°,  da  oan  be  aeen,  the  variations  la  the  ratio 
oaone/air  vara  ao  great  that  they  completely  cancelled  out  any  var¬ 
iations  due  to  tha  elevation  of  the  sun. 

The  few  aeaaureaeats  shoes  hers  demonstrate  the  faot  that  the 
described  net hod  oan  contribute  to  obtaining  a  sufficiently  large, 
widely  distributed  aaount  of  observational  data  oa  the  vertical 
distribution  of  osaae.  Tor  this  ramson,  a  few  instruction*  for 
ooaduetlng  wwoh  sees ures eat*  are  given. 

Sufficient  for  tha  observation*  are  color  flltsr  photographs 
of  the  darkened  soon  at  6000  I,  the  sax  is  us  for  tha  C  bap  puis  hands 
of  osone,  and  also  for  control  asd  possible  elimination  of  addition¬ 
al  influence*  (mist,  periodical  abnormal  opaqueness  of  the  strato¬ 
sphere,  etc),  at  5000  sad  4000  X.  With  these  wave  lengths,  dis¬ 
turbances  caused  by  the  beads  of  atmospheric  oxygen  and  the  weak 
blue-absorbing  layer  (l ) ,  (2)  at  100  kilometers  in  altitude  need 
not  be  fsmrad.  The  epeetrally  varying  albedo  of  the  surface  of  the 
moos  mast  of  course  be  ellai  noted  through  coaparlsoa  photographs 
of  the  usdarkoaed  sooa.  A  sore  detailed  preaeatatloa  of  the  method 
Ml  a  discussion  ef  the  possibility  of  errors  has  appeared  Is 
I&c  tittitottitau  (9). 
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3.  §.«M»rz 

■fha  distribution  of  ataoophsrie  osobs  oan  bo  dotorslnod 
froa  tho  distribution  of  illumination  intensity  on  tbo  darkened 
soon  Perpendicular  to  tbo  edge  of  tho  earth's  shadow,  soaaurod  at 
6000  A.  1  charset  oris  tic  of  this  method  Is  that  tho  oiono  distri¬ 
bution  at  Tsrioum  latitudes  on  earth  can  be  deterained  regardless 
of  tho  location  of  the  obaerTor.  The  usefulness  of  the  aothod  is 
shown  in  connsotion  with  four  measurements  recently  obtained  by 
spectral  photometric  methods  during  lunar  eclipses.  The  osone 
distributions  dsterained  is  thin  wny  agree  with  those  obtained 
directly  ia  balloon  aaoanta. 
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FIGURE  APPENDIX 


Illustration  la  V  b.  a.  Osone  distribution.  1  ■  Goeta  (6),  reverse 

affect;  2  a  Paatsold  (2),  lunar  eclipse  of  6 
October  19^9;  3  ■  I.  sad  V.  H.  Regener  (7), 

31  July  1931*. 

b.  Average  osoae  ease  0*(?'),  which  is  trav¬ 
ersed  under  various  conditions  of  osoae  dis¬ 
tribution  by  the  pencil  of  light  raya  in 
Illustration  1  (as* a  a unbaring  sywten). 

(Motet  the  eonaiderehls  difference  between 
curves  1  and  3  corresponds  to  an  Intensity 
faster  of  2  et  the  nsrlnea  Ohnppuin  band 
(6000  1),) 

Legend:  ©  altitude;  ® 
penuabri; 
angle;  6  osoae 


Average  osoae  ness; 
usbra;  q)  winnte  of 
concentration 


Illustration  2.  Path  of  a  single  ray  la  the  ataosphsre  (schematic). 

Legend i  0  Moon  Q  Surface  of  the  earth. 
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Illustration  3*  Curves  la,  2a,  >  show  the  oiont  aaaa  0(h<>)  through 

which  a  single  ray  passes,  given  the  aasses  1,2,3 

la  Illustration  1,  left.  Currsa  lb,  2b,  >b  show  the 

ososs  aass  0*(h*}  traversed  by  ths  csstral  ray  of 

a  pencil  of  light  rays.  Mots  the  alaott  ooaplete 

coiacidsncs  of  curves  0(h)  sad  0*(h*)  bale*  10  ks. 

o 


Illustration  ka  V  b.  a.  Average  oaone  aaaa  )  according  to  ths 

spectral  photometric  asasureas&ts  on  the  surface  of 
the  darkened  soon.  1  ■  16  Oct  1921  (3);  2  »  2  March 
19^*2  (t);  3  •  2$  Sept  1931  (i).  b.  Vertical  oso&e 
distribution  according  to  ths  average  otone  aass  as 
in  a.  (Legend  next  page) 
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Legend  to  Illustration  4a  &  b: 

1  ATirtft  oaona  aasa 

2  TJabra 

3  Kinutea  of  angle 

4  Altitude 

3  Oeone  concentration 


Illustration  3.  The  quantity  ratio  o>on«/air  after  lunar  aelipaea. 

1  «  16  October  1921;  2  ■  2  March  1942;  J  ■  2£ 

September  1931;  4  ■  6  October  1949. 

Illuatration  6.  The  quantity  ratio  oaona/alr  according  to  balloon 

aa cent a.  1  ■  18  February  1950  (8):  2-26  June  1934 

(8);  3  ■  31  Jaly  1934  (7);  ourre  4  van  ooapeted 

according  to  the  photochemical  balance  for  a  height 
of  aun  of  45°. 

legend  1  <j[)  Altitude 
(T)  Oaone/air 
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